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Light Hidden Fermionic Dark Matter in Neutrino Experiments
Jennifer Kile
Brookhaven National Laboratory, Upton, NY 11973, USA
We consider, in a model-independent framework, the potential for observing dark matter in neutrino detectors
through the interaction f¯p → e+n, where f is a dark fermion. Operators of dimension six or less are considered,
and constraints are placed on their coefficients using the dark matter lifetime and its decays to states which
include γ rays or e+e− pairs. After these constraints are applied, there remains one operator which can possibly
contribute to f¯p → e+n in neutrino detectors at an observable level. We then consider the results from the
Super-Kamiokande relic supernova neutrino search and find that Super-K can probe the new physics scale of
this interaction up to O(100 TeV).
1. Introduction
So far, many details about the nature of dark matter
(DM) have eluded observational confirmation. We do
not yet know the number of DM species, their masses,
or how they interact with each other or with Stan-
dard Model (SM) particles. Additionally, there has
been much recent interest in models with “hidden”
sectors [2, 3, 4, 5], where there exist light particles be-
yond the Standard Model (BSM) which have not yet
been discovered because they are coupled to the SM
only through interactions at some very high energy
scale. We can apply this idea to DM and consider
the possibility that some or all of DM could be light
(i.e. below the weak scale). Thus, it makes sense
to consider any easily observable possible interaction
between light DM and SM particles and, if possible,
in a model-independent way. Here, we investigate a
particular interaction which could be relevant for DM
direct detection. This work is based largely on [1].
In the usual DM direct-detection scenario, a rela-
tively heavy O(10 GeV − 10 TeV) DM particle scat-
ters elastically off of an SM particle, such as a nucleus.
If we take, as an example, a 100 GeV DM particle
scattering off of a 100 GeV nucleus, the momentum
deposited in the detector is on the order of the initial
momentum of the DM particle, O(100 MeV).
Instead, here we consider an interaction of the form
fN → f ′N ′ (1)
where f is a DM particle, N and N ′ are SM particles
(here, nucleons), and f ′ is some other particle which
could be either contained within the SM or from BSM
physics. We consider the case where the f ′ mass is
much less than that of f ,mf >> mf ′ . In this case, the
momenta of the final-state products will be of order
mf ; thus, it seems plausible that existing experiments
might be able to detect light DM if it scatters very
inelastically.
Although one may consider the cases where f ′ is in-
visible (i.e., a neutrino or a BSM particle), we take f ′
to be a visible SM particle, an electron. This interac-
tion then looks much like an SM charged-current neu-
trino interaction; it is thus conceivable that neutrino
experiments which can detect neutrinos of a given en-
ergy Eν could be used to search for the f particle,
if mf ∼ Eν . Although we initially only assume mf
to be below the weak scale, when we insist that f be
appropriately long-lived, we find that the least con-
strained mass range is mf <∼ O(100 MeV), which can
be probed by solar and reactor neutrino experiments.
For this analysis, we specifically examine the rele-
vance of the Super-Kamiokande relic supernova neu-
trino search [6] to DM detection. As we wish to be
model-independent, we study the process f¯ p → e+n
via an effective operator analysis. We impose limits
on these operators by insisting that the DM particle
f be long-lived and rarely decay to easily-observable
final states containing γ rays or e+e−. Finally, we
discuss the cross-section for f¯ p → e+n in Super-K.
Super-K places a limit on the flux of ν¯e’s via the pro-
cess ν¯ep→ e+n; we then use this result to place con-
straints on the process f¯ p → e+n and find that the
new physics reach of Super-K to probe this process is
O(100 TeV).
The rest of this paper is organized as follows. In
Section 2, we give the criteria which our operators
must satisfy and list our operator basis. The DM life-
time and decays are used to place limits on these op-
erators in Section 3. Finding one operator which is
not so tightly constrained, we give the experimental
signatures and cross-section for f¯p → e+n via this
operator, and then put constraints on it using results
from Super-K in Section 4. We briefly discuss our
results in Section 5, and, in Section 6, we conclude.
2. Operator Basis
In this section, we enumerate the operators which
we use for this analysis. Here, f is taken to be
a fermion and a singlet under the SM gauge group
SU(3)× SU(2) × U(1). We consider all operators of
dimension six or less which are invariant under the
SM gauge group and contribute to f¯p→ e+n. Redun-
dant operators are then eliminated using integration
by parts and the equations of motion for the fields.
Operators which contribute at tree level to neutrino
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mass would be very strongly constrained and are thus
not included in the analysis. We are thus left with six
operators
OW = gL¯τaφ˜σµνfW aµν
OV˜ = ℓ¯Rγµfφ†Dµφ˜
OV R = ℓ¯Rγµfu¯RγµdR, (2)
OSd = ǫijL¯ifQ¯jdR
OSu = L¯f u¯RQ
OT = ǫijL¯iσµνfQ¯jσµνdR
where L and Q are the left-handed lepton and quark
SU(2) doublets of the SM, ℓR, uR, and dR are the
right-handed singlets, φ is the SM Higgs field, and
φ˜ = iτ2φ∗. All of these operators are dimension-six
and thus suppressed by Λ2, where Λ is taken to be
some new physics scale above the weak scale. Each
of the operators OI will also be accompanied by a
coefficient CI . We note that, in all of the operators
OI , f is right-handed.
3. Limits from Dark Matter Lifetime
In order for the f particle to be DM, it must sat-
isfy at least a few basic constraints. First of all, for
DM to currently make up a significant fraction of the
energy-density of the universe, it must decay to SM
particles on a timescale at least on the order of the
age of the universe, 4× 1017 s. Also, in order for DM
to be sufficiently “dark”, it must annihilate or decay
to states containing easily-visible SM particles suffi-
ciently slowly to have not yet been observed. As our
operators can contribute to decays of the f , we ap-
ply these decay constraints, considering each of our
operators in turn.
3.1. OW
The operator OW gives the decay f → νγ at tree
level. The width for this process is
Γ(f → νγ) = |CW |
2
Λ4
αv2
2
m3f (3)
where v is the SM Higgs vacuum expectation value
(vev) and α is the SM fine-structure constant. The au-
thors of [7] find that DM which decays to two daugh-
ters, one of which is a photon, must have a lifetime
>∼ 1026 s for DM masses between ∼ 1 MeV and ∼ 100
GeV. Taking mf = 1 MeV (approximately the mini-
mum value of mf which could be observable at neu-
trino experiments), we obtain
|CW |2
Λ4
<∼
1
(8× 107TeV)4 . (4)
This lower bound on the new physics scale is obviously
far beyond what will be accessible at neutrino or col-
lider experiments in the foreseeable future. We note
that this limit will be even stronger for larger values
of mf .
3.2. OV˜
After electroweak symmetry breaking, φ acquires a
vev and OV˜ gives a vertex
CV˜
Λ2
OV˜ →
−igCV˜ v2
2
√
2Λ2
ℓ¯Rγ
µfW−µ (5)
which allows the decay f → e−e+ν at tree level. This
process has a width of
Γ(f → e+e−ν) = |CV˜ |
2
Λ4
1
1536π3
m5f . (6)
[8] find that the lifetime for DM decaying to a final
state that includes an e+e− pair must satisfy
τV˜ ≃ 5× 1017yr
10 MeV
mf
(7)
in order to not overproduce the 511 keV line observed
by INTEGRAL [9, 10]. From this constraint, we ob-
tain the limits
|CV˜ |2
Λ4
<∼
1
(9.5× 105 TeV)4 (mf = 20 MeV)
<∼
1
(2.4× 106 TeV)4 (mf = 50 MeV) (8)
<∼
1
(3.8× 106 TeV)4 (mf = 80 MeV),
where the values ofmf correspond to the values which
we will eventually see are relevant for Super-K. Again,
we see that the constraints on the new physics scale
for this operator are extremely strong, and, like the
case for OW , this limit becomes stronger for larger
values of mf .
We will now use the very strong constraints which
we have obtained on OW and OV˜ to place constraints
on our other operators via operator mixing.
3.3. OV R
We now turn our attention to the operator OV R.
If mf > mpi +me, OV R can give the tree-level decay
f → π+e−. As we require f to be very long-lived, this
case is very strongly constrained. Therefore, we only
consider the mass range mf <∼ mpi.
However, OV R can still induce a decay of the f
through the channel f → e+e−ν via mixing into OV˜ .
This mixing first occurs at one-loop level and is shown
in Fig. 1. It must be noted that all of the fields in
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OV R are right-handed. However, the SM weak vertex
in this diagram is entirely left-handed. This implies
that both the u and d quarks in the loop must flip
chirality, and, thus, this diagram is suppressed by both
the u and d quark Yukawa couplings. This diagram
is logarithmically divergent; we obtain, for the mixing
of OV R into OV˜
CV˜ (v)
Λ2
∼ CV R(Λ)
Λ2
1
(4π)2
12mumd
v2
ln
Λ2
m2f
(9)
which then results in the limits on the new physics
scale
|CV R|2
Λ4
<∼
1
(20 TeV)4
(mf = 20 MeV)
<∼
1
(50 TeV)4
(mf = 50 MeV) (10)
<∼
1
(80 TeV)4
(mf = 80 MeV).
However, this one-loop calculation does not accu-
f ℓ
W
ud
Figure 1: One-loop mixing of OV R into OV˜ . Here, the
Higgs insertions which give the u and d quark chirality
flips are explicitly shown.
rately capture the contributions of loop momenta
which are less than a few hundred MeV. To estimate
the effects of these low momenta, we also calculate
the decay width for f → e+e−ν where the decay goes
through a virtual π+. This diagram receives suppres-
sion from both the electron and f masses similar to
the lepton mass dependence in the usual SM π+ decay,
as can be seen in the spin-averaged squared amplitude
1
2
∑
spins
|M|2 =
|CV R|2
Λ4
G2F
4
|Vud|2f4pim2em2f
q2(m2f − q2)
(q2 −m2pi)2
(11)
which gives the differential decay width
dΓ
dq2
=
|CV R|2
Λ4
G2F |Vud|2f4pim2e
1024π3mf
q2(m2f − q2)2
(q2 −m2pi)2
. (12)
Integrating this expression over q2, we obtain the lim-
its
|CV R|2
Λ4
<∼
1
(6 TeV)4
(mf = 20 MeV)
<∼
1
(20 TeV)4
(mf = 50 MeV) (13)
<∼
1
(50 TeV)4
(mf = 80 MeV).
As these limits are weaker than those obtained from
the one-loop diagram, we take the one-loop results as
our limits on the new physics scale for OV R.
As the limits in Eq. (10) are substantially weaker
than those which we have obtained for operators OW
and OV˜ , we also consider other possible constraints
on OV R. First, we note that OV R mixes into OW
at two-loop order; however, this mixing is suppressed
by the u, d, and e Yukawa couplings and is thus not
competitive with the one-loop mixing into OV˜ . OV R
also induces a mass term coupling the f to the SM ν at
two-loop order, which can give the decays f → e+e−ν
and f → ννν¯; this mixing is similarly suppressed by
three small Yukawa couplings. Lastly, as mf <∼ mpi,
one can consider the decay π+ → e+f ; searches for
heavy neutrinos [11], however, only constrain the new
physics scale for OV R to be greater than O(10 TeV).
3.4. OSd, OSu, and OT
Finally, we constrain OSd, OSu, and OT via their
mixing into OW , which allows the decay f → νγ. OSd
and OSu mix into OW at two-loop order. However,
as only one of the lepton fields in these operators is
right-handed, these contributions are suppressed by
only one power of a small Yukawa coupling. We obtain
an order-of-magnitude estimate of the mixing of these
operators into OW ,
CW (v)
Λ2
∼ CSu,Sd(Λ)
Λ2
1
(4π)4
g2mu,d
v
ln
(
Λ2
v2
)
(14)
∼ CSu,Sd(Λ)
Λ2
× 10−9. (15)
This suppression is not sufficient to make f long lived.
Again assuming that this decay does not happen at a
rate faster than O((1026 s)−1), we obtain the order-
of-magnitude limit
CSu,Sd(Λ)
Λ2
< O
(
1
(103 TeV)2
)
. (16)
OT , on the other hand, mixes into OW at one-loop
order, again with only one suppression by a small
Yukawa coupling. Thus, it will be even more strongly
constrained than OSd and OSu.
For the rest of this work, we consider only our most
weakly constrained operator, OV R.
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4. Signals in Neutrino Experiments
We now consider the observability of OV R in neu-
trino experiments. In order to estimate the reach of a
neutrino detector to observe the process f¯p→ e+n, it
is first useful to estimate the possible flux of f at the
Earth’s surface. The DM mass density in our neigh-
borhood is thought to be roughly 0.3 GeV/cm3 [12],
and its velocity relative the the Earth vf is approxi-
mately O(10−3) (for c = 1)[13]. If we assume that f¯
comprises all DM, we can thus estimate its flux
Φf¯ ∼
0.3 GeV/cm3
mf
vfc ∼ (1010, 109, 108)/cm2s (17)
for mf = (1, 10, 100) MeV, respectively. We can now
compare this with the limit on the relic supernova ν¯e
flux obtained by Super-K [6] of < 1.2ν¯e/cm
2s. They
obtain this number by fitting the overall normaliza-
tions of their background and signal energy distribu-
tions to data, as their background and signal shapes
are sufficiently distinct. As the e+ in f¯ p → e+n is
essentially monoenergetic, we assume that this pro-
cess could be distinguished from background at least
as well. (Because their signal shape is different from
that for f¯ p → e+n, it is possible that our results
are slightly overly optimistic for certain ranges of mf .
However, it is unlikely that this will affect the lower
bounds on the new physics scale by more than a few
tens of percent.) As their flux limit is 8 to 10 orders
of magnitude smaller than that in Eq. (17), we can
constrain the cross-section σO for our process
σO ≃ 1
16π|vf |
|CV R|2
Λ4
m2f (|f1|2 + 3|g1|2) (18)
to be 8 to 10 orders of magnitude smaller than the SM
neutrino cross-section σSM
σSM ≃ G
2
F
π
E2ν(|f1|2 + 3|g1|2). (19)
Here f1 ≃ 1 and g1 ≃ −1.27 are the nucelon form
factors [14]. We thus obtain for the ratio of these two
cross-sections
|CV R|2v4
8|vf |Λ4 ≤
1.2/cm2s
(0.3 GeV/cm3)|vf |c/mf , (20)
from which we obtain
|CV R|2
Λ4
<∼
1
(120 TeV)4
(mf = 20 MeV)
<∼
1
(90 TeV)4
(mf = 50 MeV) (21)
<∼
1
(80 TeV)4
(mf = 80 MeV).
for approximate lower bounds on the scale of new
physics for OV R. We note that the values are tighter
for smaller mf because the assumed f¯ flux is inversely
proportional to mf . Of course, scenarios in which f¯
comprises only some small fraction of DM would be
more weakly constrained.
5. Discussion
Here, we briefly discuss a few characteristics of the
interaction OV R and our DM candidate f . One ques-
tion not yet addressed here is that of the f (or f¯)
relic density. The new physics scale relevant for OV R,
>∼ O(100 TeV), is much too high to give f a relic den-
sity compatible with observation. Thus, some other
interaction, such as one which allows the f to anni-
hilate to e+e− pairs or neutrinos, must be postulated
to exist in addition to OV R. Such interactions must
have physics scales that are very low, on the order of
a few GeV.
Next, we very briefly mention the possible applica-
bility ofOV R to particular models. One may note that
OV R appears very similar to a right-handed neutrino
interaction. In fact, f , being an SM singlet, has the
same quantum numbers as a right-handed neutrino.
One can write down a dimension-four mass operator,
L¯φ˜f , which allows the f to mix with the SM neutrino
and gives the decays f → νe+e− and f → ννν¯. As
we want the f to be long-lived, we wish to postulate
some symmetry which will disallow this operator. Al-
though it is possible to impose a symmetry which ex-
cludes this four-dimensional operator but still allows
OV R, doing so requires introducing at least an addi-
tional Higgs doublet to the SM. A full exploration of
model-building with OV R is beyond the scope of this
work, but, given the form of the interaction, an in-
vestigation of left-right-symmetric models may be a
worthwhile endeavor.
Lastly, we have not specified whether f is a Dirac
or Majorana fermion. We briefly note that if f is
Majorana, it necessarily violates lepton number.
6. Conclusions
Here, we have investigated the possibility of the di-
rect detection of DM in neutrino experiments via a
model-independent analysis. We have considered op-
erators which contribute to the interaction f¯p→ e+n
and placed limits on the coefficients of these opera-
tors using DM lifetime and decays. There exists one
operator which is comparatively weakly constrained
for the case where mf <∼ O(100 MeV). We find that
Super-K can probe the scale of new physics for this
operator up to O(100 TeV).
We draw two main conclusions from this work. The
first is that, given our lack of knowledge of DM in-
teractions with SM particles, “nontraditional” possi-
bilities should be considered. The inelasticity of the
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interaction f¯ p → e+n allows one to probe the region
mf ∼ 100 MeV, a range not usually accessible to DM
direct-detection experiments. Second, we find that
the scale which can be probed for such DM is very
impressive, O(100 TeV), far beyond the scales usually
accessible in collider experiments.
Given these results, it may be fruitful to consider
how this analysis can be expanded to other inelastic
interactions, such as f1N → f2N , where both f1 and
f2 are invisible particles and where f2 (which could
be either a neutrino or a BSM particle) is lighter than
f1. In this case, this interaction could conceivably
produce distinctive signatures in either neutrino ex-
periments or traditional DM direct-detection experi-
ments; an analysis of such an interaction could pos-
sibly be relevant for models of Inelastic DM [15] or
Exciting DM [16]. The investigation of these interac-
tions with an invisible particle in the final state is left
for future study.
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